We examined phosphorylation of H2AX, a marker for DNA double-strand breaks over the life of a human fibroblast cell line. This marker was compared with a number of other cellular senescence and DNA repair endpoints. An increase in gH2AX foci number was observed after 24 hours of repair time following DNA damage over the course of fibroblast passaging. Progressive and relatively constant changes in growth retardation, doubling time, and telomere length were also observed. The fraction of cells expressing b-gal, a marker of cellular senescence, increased considerably around the 40th passage as did some other cell morphology endpoints. The detectable gH2AX foci at 24 hours after ionizing radiation were far fewer than the number detected at 1 hour across all passage numbers. We conclude that although residual DNA damage level increases with passage number, it is unlikely to be the result of less efficient DNA repair in the aged fibroblast since most DNA damage is repaired, even at late passages.
T HE terms "aging of cells" and "replicative senescence" are linked to the finite ability to divide and was first described by Hayflick and Moorhead (1) . In contrast, premature senescence is caused by a variety of different stresses, such as exogenous and endogenous exposure to oxidative damage by reactive oxygen species and oncogene activation (2) (3) (4) . Aging is associated with changes in gene expression, flattened cell morphology, increased resistance to apoptosis, upregulation of tumor suppressor proteins, senescence-associated b-galactosidase activity, and telomere shortening (5, 6) . Additionally, aging cells are impaired in several functions including the ability to sense and repair DNA damage (7) . It was shown that senescent cells exhibit slower phosphorylation of histone H2AX and retarded repair protein mobility to the sites of DNA damage (7) . An impairment of DNA repair may result in the accumulation of DNA damage due to very slow or nonrepairable DNA damage with age (8) . The decreased repair ability in aged cells may result in increased remaining DNA damage after exposure to a DNA-damaging agent, such as ionizing radiation (IR). In any case, the consequence of reduced repaired DNA may be genomic instability associated with normal and pathological aging (7) .
IR is able to cause a broad spectrum of DNA damage including base modifications, base loss, single-strand breaks, interstrand cross-links, and DNA-protein cross-links. DNA double-strand breaks (DSBS) represent the most severe lesion (9) . It has been found that DNA DSBS are marked by phosphorylation of the histone H2A variant, H2AX (10) , and can easily be detected and quantified by immunostaining.
We aimed to carefully determine various morphological and molecular characteristics of a skin fibroblast cell line in the process of replicative senescence and the relationship to IR-induced gH2AX kinetics to address if there is a decrease of repair ability with age in human primary fibroblasts.
Material and Methods

Cell Culture and Growth Curves
SBL5 is a primary fibroblast cell line derived from a healthy 20-year-old Caucasian male. A skin biopsy was taken, cut into small fragments, transferred to a flask, and left until the fibroblasts started to grow. Cells were passaged twice a week and were split 1:2 in the early passages and less in the higher passages. For the growth curves, cells were seeded at a density of 5 × 10 5 cells per dish and counted daily by an automatic cell counter (Casy TT; Schärfe System, Reutlingen, Germany). Medium was changed every 5 days. Doubling time was calculated during the exponential phase of growth.
Irradiation
Cells were irradiated with a 120 kV x-ray machine (ISO-VOLT Titan; GE, Ahrensburg, Germany) with doses of 2 Gy for samples in DNA DSB repair investigations (11) . Cells were incubated for up to 144 hours at 37°C. Unirradiated samples were processed along with irradiated samples.
Immunostaining
SBL5 primary fibroblasts were seeded on cover slips in quadriperm vessels and allowed to adhere for at least 2 days prior to each experiment. Cells were irradiated as described and fixed for 15 minutes in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100, blocked in 10% fetal calf serum in tris buffered saline over night at 4°C. Cells were incubated for 2 hours at room temperature with anti-a-tubulin, anti-b-tubulin (Abcam, Cambridge, UK), or gH2AX (Upstate, New York, NY). After washing in TBS, cells were incubated with Alexa Fluor 488 secondary antibodies (Molecular Probes, Karlsruhe, Germany) for 1 hour at room temperature. Cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted in Vectashield (Vector Laboratories, Peterborough, UK).
Image Analysis
Cells were visualized by a fluorescence microscope (DM6000B; Leica, Wetzlar, Germany) with the respective filters ( DAPI and fluorescein) at a 630× magnification. Images were captured using a CCD camera (DFC350 FX; Leica), and data were analyzed by the image analyzing software Biomas (MSAB; Erlangen, Germany). gH2AX foci were examined at least twice with 100 cells counted per time point. Two images were acquired: one blue (DAPI) image of the nucleus and one green (Alexa 488) image of the antibody staining (12) . The whole area over the DAPIstained nuclei was marked and merged with the green image. Single nuclei were magnified and foci were marked automatically with an option to add or delete foci by the user. Length and broadness of cells were assessed using image analysis (Biomas) after a-tubulin and b-tubulin staining. The ratio of short to long axis was calculated, and the values were categorized into 20 equal parts and normalized to an area of 1. A Gaussian distribution was fitted to the categorized values of the 10th passage and the mean (0.162) plus two times the standard deviation (0.045) was used as a cutoff value. Cells with a short to long axis ratio higher than 0.25 were defined to have a more senescence state.
Senescence-Associated b-galactosidase Staining
The senescence-associated b-galactosidase (b-gal) assay was performed using a b-gal Staining Kit (Cell Signalling, Danvers, MA) according to the manufacturer's instructions. At the indicated passage number, cells were stained on coverslips and embedded in Aquatex. Images were acquired from a microscope (200×) and at least 200 cells were counted by image analysis software (Biomas) to calculate the fraction of b-gal-positive cells.
Terminal Restriction Fragment Assay
Genomic DNA was isolated at passage numbers 6, 10, 20, 40, and 50 (13) (14) (15) . Four micrograms of genomic DNA isolated from SBL5 cells was digested with HinfI and RsaI and run on a 0.8% constant field agarose gel for 18 hours at 40 V in 1× TBE (tris-borate-ethylenediaminetetraacetic acid). DNA was transferred by capillary action overnight to a Gene Screen Plus filter (NEN Life Science Products, Boston, MA). Filters were pre-hybridized and hybridized with 10 mL hybridization solution (2.5× Denhardts, 0.1% sodium dodecyl sulfate, 0.1 M NaCl, and 100 mg sheared salmon sperm DNA). A 32 P end-labeled telomere probe (C 3 TA 2 ) 3 was used in the hybridization to the telomeric sequences overnight at 64°C. Filters were washed and exposed to a phosphorimaging screen (Molecular Dynamics; Amersham Biosciences, Buckinghamshire, UK). Telomere lengths were assessed by taking the median and measuring against standard markers (13) (14) (15) .
Flow Cytometry
For monitoring of cell cycle, 5 × 10 4 fibroblasts were suspended in 100 mL phosphate-buffered saline and stained for 24 hours with 500 mL propidium iodide in the presence of the detergent Triton X-100 (0.1% Triton X-100, 0.1% trinatriumcitrat-dihydrate, and 0.6 mg/mL propidium iodide). Red fluorescence of propidium iodide-stained nuclei was measured using a Epics XL flow cytometer (Beckman Coulter, Fullerton, CA). Excitation was at 488 nm and the propidium iodide fluorescence was recorded on fluorescence 4 (FL4) sensor. Data analysis was performed with Coulter XLTM software, version 3.
Immunoblotting
Protein of nuclei was isolated by the NE-PER Kit (Thermo, Rockford, IL) and protein concentration was adjusted to 1.75 g/dm 3 by a BCA Protein Assay Kit (Thermo). Ten micrograms of protein was run on 10% acrylamide gels and blotted on polyvinylidenfluoride membranes (Schleicher and Schüll, Dassel, Germany) as previously described (16) . Antibodies used for detecting protein were anti-Nbs1 (Novus Biologicals, Littleton, CO) and anti-b-actin (Abcam).
Statistical Methods
The Pearson coefficient was applied to evaluate correlations.
Results
Growth Rate and Doubling Time
A skin fibroblast cell line was passaged 70 times over a period of 237 days. Cells were immunostained with anti-b-tubulin to identify morphological changes from mitotically active fibroblasts (MF I, II, and III) in early passages to postmitotic arrested fibrocytes in the later passages ( Figure 1A ). Growth rates were estimated for different passages showing a slowdown with increased passaging ( Figure 1B ) and an increase in doubling time ( Figure 1C ). Doubling time (DT) was fitted to a linear quadratic equation (equation 1) as a function of passaging number (D) ( Figure 1C ) and the linear and quadratic coefficients P 0 and P 1 . Growth adaption (lag phase) was determined from the growth curves starting from 6 hours at the 10th passage and increasing by 2 minutes per passage. Doubling time and lag phase were used to calculate the average divisions of fibroblasts giving about 57 doublings at the 70th passage ( Figure 1D ). .
IR Induction of gH2AX DNA DSBS were identified by gH2AX foci (Figure 2A ). Kinetics of induction and loss of gH2AX foci were determined at the 10th passage after an IR dose of 2 Gy. A sharp increase to 67 gH2AX foci per nucleus was observed at 1-hour post-IR followed by a biphasic decrease. In the exponential phase, DSBS are removed rapidly with a half-life of 2.2 hours. In the second phase, gH2AX foci decreased linearly between the first and sixth day by 0.87 foci per day. At 24 hours, there was an average of 6.1 gH2AX foci remaining ( Figure 2B ). The basal gH2AX foci levels, the foci 1 hour after 2 Gy, and the remaining foci after 6 and 24 hours were used for further evaluation at every 10th passage up to 70 passages ( Figure 2C ). gH2AX foci after 1 hour and remaining gH2AX foci after 6 hours did not vary significantly with passage number (p > .18; Figure 2D ). Basal gH2AX levels were fitted linearly and increased significantly from 1.2 foci at the 10th passage by 0.3 foci per 10 passages (p < .001; Figure 2E ). Remaining gH2AX foci after 24 hours also increased from the 10th passage, initially with 6.0 foci at passage 10 and having an increase of 0.78 foci every 10 passages thereafter (p < .001; Figure 2E ). Background-corrected remaining foci after a 24-hour repair time was determined to be 5.3 at the 10th passage with an increased rate of 0.37 per 10 passages (p = .007). Overall, there was an increase between the 10th and 70th passage of 1.8 foci per nucleus for the basal foci levels, 4.7 foci per nucleus after a dose of 2 Gy and a repair time of 24 hours, and 2.2 foci per nucleus if the radiationinduced foci after 24 hours was corrected using basal foci number. The foci numbers per nucleus were categorized into equal groups. Foci numbers fit Gaussian distributions well (r 2 = .86-.99). There was no indication for a subset of cells outside the normal distribution ( Figure 2F-H) .
Replicative Senescence
Cells were stained with the senescence-associated marker, b-gal. Cells began to exhibit a measurable increase in b-gal activity at Passage 30 and a more dramatic increase between the 40th and 50th passage where more than 80% of cells were positive for b-gal ( Figure 3A-C) . Alterations in cell morphology were quantified by a-and b-tubulin immunostaining. The long and short axes of the cells were assessed by image analysis software and the ratio of the short to long axis showed a broadening of the cells that became evident after the 50th passage ( Figure 3D ). Cells increased in length linearly by 1.9 mm per passage. The cell width increased in a more linear quadratic way with a 3.1 mm increase per passage up to the 40th passage and 6.9 mm per passage by the 60th passage. Cell length nearly doubled between the 10th and 70th passage, whereas the broadness increased by a factor of four ( Figure 3E ). The increase of the cell length was a continuous process with an obvious shift of the Gaussian distribution toward longer cells as assessed in 10 passage groupings. Only between the 10th and 20th passage was there an abrupt increase in cell length ( Figure 3F ). Cells in the 10th passage had a homogeneously low short to long axis ratio that fit well with a Gaussian distribution having a mean value of 0.16 ± 0.049 when a-tubulin staining was used ( Figure 3G ) and 0.17 ± 0.047 when b-tubulin was used. Cells with an increased short to long axis ratio outside 2 SD (>0.26) from the mean of the 10th passage Gaussian distribution were defined to be of a more senescence-like phenotype, and the fraction of these cells was estimated ( Figure 3H ). Up to the 40th passage, less than 10% had this senescent-like phenotype, increasing rapidly to about 70% by the 60th passage. Another striking change in cell morphology was the expansion of the cell nucleus area from 150 to 300 mm 2 between the 10th and 60th passage. The distribution of the nuclear area shows that with increasing passages, the distributions are broader and become larger on average ( Figure 4A ). The DNA content of the cells was determined by flow cytometry to exclude a DNA increase. The G0/G1 and the G2 peak broadened with increasing passage numbers ( Figure 4B ). The S phase proportion remained nearly constant ( Figure 4B and C) , whereas G2 cells decreased after the 40th passage. Cells with a DNA content greater than G2 increased only slightly.
Telomere Length
Telomere length was assessed over the course of 50 passages. Terminal restriction fragment assays were run and a decrease in telomere length with an average of about 100 bp loss per cell doubling was observed ( Figure 4D and E). The rate of telomere attrition was relatively constant over the time course based on doubling times.
Nbs1 and Rb Proteins
Cell nuclear protein was extracted and quantified using a BCA assay and diluted to a concentration of 1.75 mg/mL. Nbs1 and b-actin protein was detected by immunoblotting. The b-actin concentration was nearly constant throughout all passages, whereas the Nbs1 protein concentration was somewhat constant up to the 35th passage giving a ratio of 0.24 and then decreased rapidly to a value of 0.07 by the 60th passage ( Figure 4F and G). Total Rb protein levels were constant and the fraction of phosphorylated Rb at serine 780 compared with the total amount of Rb decreased rapidly with increasing passages ( Figure 4H ).
Discussion
We investigated a variety of senescence markers in a fibroblast cell line and identified the kinetics with respect to passage number for the different measured senescence and DNA repair endpoints. We have clearly shown that the DNA damage marker, gH2AX foci, formed soon after IR, attained near normal foci levels 24 hours after treatment even at very late passages in an aged population.
Other studies have shown similar DNA damage repair results in fibroblasts from three donors of ages 35, 49, and 61 (7) . Both the spontaneous gH2AX foci and gH2AX foci 24 hours after a dose of 0.6 Gy increased with population doubling. Early studies had suggested that cellular senescence resulted from telomeres shortening to a critical length to act . SBL5 skin fibroblasts of the 10th and 60th passage were irradiated by x-rays and DNA double-strand breaks were stained by anti-gH2AX after mock irradiation, 1 and 24 hours after 2 Gy. The fluorescence microscopic pictures are displayed in (A), magnification 630×. SBL5 fibroblasts were irradiated by 2 Gy, and gH2AX foci were counted at the indicated time points. The initial decrease of foci was fitted by an exponential function and the decrease between 48 and 144 hours was linearly fitted (B). gH2AX foci per cell in mock-irradiated cells and after 2 Gy were counted at 1, 6 and 24 hours every 10th passage up to the 70th passage (C). gH2AX foci per cell 1 and 6 hours postirradiation after a dose of 2 Gy (D) and mock irradiated (controls) and 24 hours postirradiation remaining gH2AX foci per cell are displayed (E). All data points were linearly fitted. From the fitted line of the foci after 2 Gy and 24 hours, the values from the mock-irradiated cells were subtracted yielding in background-corrected values (2 Gy + 24 hours-controls) (D and E). Error bars indicate standard deviation determined from at least three independent experiments. Cells at the 10th, 30th, 50th, and 70th passage were categorized according to the number of gH2AX foci. Cells were mock irradiated (F) and irradiated with a dose of 2 Gy and allowed 24-hour repair (G). All distributions were fit to a Gaussian distribution. Gaussian distributions of the 10th and 70th passage after mock irradiation and after a dose of 2 Gy and 1-, 6-, and 24-hour repair time are displayed (H). as a biological clock (17, 18 ). An essential finding in support of this was that the over expression of telomerase in human cells could bypass cellular senescence (19, 20) . It was later found that short telomeres induced a DNA damage response (21) (22) (23) and senescence was the consequence of a maintained DNA damage response (24, 25) . Consistent with Figure 3 . Differential interference contrast images of b-gal-stained cells in the 10th (A) and 60th passage are displayed (B). b-gal-positive cells were counted, and the fraction of b-gal-positive cells was calculated for two independent experiments (C). The morphology of the cells was counted in a-tubulin-and b-tubulinstained fibroblasts using the ratio of the short to long axis as an indicator for the broadening of senescent cells for two independent experiments (D). The short and long axis of the cells was quantified separately for two independent experiments (E). The distribution of a-tubulin-stained cells long axis length at different passages was analyzed and fitted to a Gaussian distribution (F). To quantify the fraction of a-tubulin-stained cells with a more senescent morphology, the distribution of the short to long axis for different passages was determined. The 10th passage data are fitted to a Gaussian distribution MW = 0.16, SD = 0.049 (G). Cells with an increased short to long axis ratio outside two standard deviations (>0.26) of the 10th passage Gaussian distribution were defined to be of an more senescence state (H). Error bars indicate standard deviation determined for at least three replicates. other studies, we found the telomeres in SBL5 cells to decrease over time to an average telomere length of around 7.5 kb by the 50th passage. We also observed a subpopulation of telomeres that ranged down to around 3 kb, and these very short telomeres could also contribute to signaling senescence. Alternatively, senescence could be a result of reduced repair ability but is unlikely to be due to defective DNA repair because gH2AX foci decreased dramatically at the 24-hour time point after IR. We also are unable to rule out the possibility that cells at higher passages may have a reduced ability to dephosphorylate H2AX. Our results of accumulation of gH2AX foci did not show a rapid change in the range of 40th to 60th passage for initiation of senescence but rather showed an increase over the entire replicative life span of about 70 passages. Our results support the hypothesis that the trigger for senescence is the amount of unrepairable or very hard to repair DNA damage, which increases with passage number. Most changes in secondary phenotypic morphological markers were initiated about the 40th to 60th passage. In this range of passaging, 2.1-2.7 spontaneous gH2AX foci were counted. This means a 1.2-1.8 increase in gH2AX foci in old cells compared with cells in the first passage. So if DNA damage triggers senescence, our data indicate it would take the presence of about two gH2AX foci probably as the result of unrepairable or persistent DNA DSBS to do this. Others have reported that sites of DNA damage in senescent cells are located at dysfunctional telomeres (26) , so this may be the basis for our findings. We do note that our studies have the limitations of only one cell line, and cell lines may not always extrapolate to a tissue or an organ (27) .
The DNA DSB repair proteins Ku70, Ku80, XRCC4, LigaseIV, and Brca1 are suspected to be able to trigger senescence through signal transduction pathways via Atm, Chk1/2 to p53, and the checkpoint activators p16, p21, and Rb (28) (29) (30) (31) . We found, the repair protein, Nbs1, decreased with passaging in our study, but this is likely to be due to secondary responses. The Rb pocket protein is a crucial gatekeeper of cell cycle, which acts by binding the transcription factors E2f/Dp. Phosphorylation by cyclin-dependent kinases releases the E2f/Dp transcription factor and alleviates the G1 progression (32) . In senescent cells, the activity of cyclin-dependent kinases (cdk) is blocked by elevated cdk inhibitors p21 Waf1 and p16 INK4a leading to a hypophosphorylated Rb (33) . Phosphorylation of Rb at serine 780 showing decreased levels with increasing passages suggests increased blocked G1 entry in aged cells.
Conclusions
The increase in spontaneous and remaining gH2AX foci after DNA damage occurs in later passages of human primary fibroblasts, however, it does not appear to be due to the decrease in DNA repair for most DNA damage, but rather a minor fraction of perhaps complex breaks. This is consistent with the permanent cell cycle arrest due to the DNA damage signaling caused by telomere shortening. 
